Ab s t r a c t
Inflammatory bone destruction triggered by oral bacteria is a hallmark of chronic and apical periodontitis. Receptor activator of NF-? B ligand (RANKL) activates bone resporption, whereas osteoprotegerin (OPG) blocks its action. These are members of the tumor necrosis factor ligand and receptor families, respectively. Although individual oral pathogens are known to regulate RANKL and OPG expression in cells of relevance to the respective diseases, such as periodontal ligament (PDL) and dental pulp (DP) cells, the effect of polymicrobial oral biofilms is not known. This study aimed to investigate the effect of the Zürich i n v i t r o supragingival biofilm model on RANKL and OPG gene expression, in human PDL and DP cell cultures, by quantitative real-time polymerase chain reaction. RANKL expression was more pronouncedly up-regulated in DP than PDL cells (4-fold greater), whereas OPG was up-regulated to a similar extent. The RANKL/OPG ratio was increased only in DP cells, indicating an enhanced capacity for inducing bone resorption. The expression of pro-inflammatory cytokine interleukin-1ß was also increased in DP, but not PDL cells. Collectively, the high responsiveness of DP, but not PDL cells to the supragingival biofilm challenge could constitute a putative pathogenic mechanism for apical periodontitis, which may not crucial for chronic periodontitis.
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. I n t r o d u c t i o n
Periodontal diseases are perhaps the most common chronic inflammatory diseases in humans. Their main trait is the inflammatory destruction of the tooth-supporting (periodontal) tissues, as a result of oral bacteria colonizing the tooth surfaces in the form of polymicrobial biofilm communities [1] . Depending on the localization of the biofilm in relation to the gingival margin, this can be either "supragingival" or "subgingival". Biofilms or their released products can cause an inflammatory response by the periodontal tissues, aiming to eliminate this bacterial challenge [2] .
However, an excessive inflammatory response would induce tissue damage, rather than being protective [3] . Gingivitis is a clinical condition where the host inflammatory response to the biofilm is restricted to the superficial gingival tissue.
However, when the inflammation expands into the deeper periodontal tissues, it will develop into periodontitis, which is characterised by the destruction of the toothsurrounding alveolar bone and interconnecting periodontal ligament (PDL). If left untreated, periodontitis will eventually lead to tooth loss.
Apical periodontitis results from the spread of the inflammatory material from an infected dental pulp (DP) into the periradicular tissues. The etiological agent is mixed bacterial species that reach the dental pulp as a result of carious lesions, endodontic infection or trauma [4] . In the initial phase of apical periodontitis, the inflammation is restricted to the apical PDL space without concomitant bone resorption. However, the prolonged presence of bacterial challenge in the region could eventually develop into chronic apical periodontitis. This condition is associated with periapical bone resorption and potentially the formation of a cyst, depending on the virulence of the invading bacterial species [5] . For the resolution of this condition endodontic treatment is required.
Bone resorption in physiological and pathological conditions, such as periodontitis, is regulated by the interplay of a system of two molecules belonging to the tumor necrosis factor (TNF) ligand and receptor superfamilies. These are respectively Receptor Activator of NF-? B Ligand (RANKL) and osteoprotegerin (OPG). RANKL is expressed as a membrane bound or secreted ligand by osteobasts, fibroblasts and activated T-and B-cells. By activating its cognate RANK receptor on osteoclast precursors (cells of the monocyte/macrophage lineage), it triggers their fusion and differentiation into multi-nucleated osteoclasts, which will resorb bone [6] .
RANKL can be cleaved and released from the cell surface by a metalloprotease known as tumour necrosis factor-a converting enzyme (TACE)/ADAM17 [7] . The soluble decoy receptor OPG acts as an inhibitor of RANKL by binding to it and thus preventing the RANK-RANKL interaction and downstream events [8] . Changes in the relative RANKL/OPG expression ratio are considered indicative of the capacity of the cell or tissue to regulate bone resorption. An increased ratio can be indicative of enhanced bone resorption in pathological inflammatory conditions, such as periodontitis [9, 10] . The RANKL-OPG system is regulated by a number of local and systemic factors, including the pro-inflammatory cytokine interleukin(IL)-1ß [11] .
Excessive production of IL-1ß is considered detrimental for tissue destruction in periodontal disease [12, 13] and apical periodontitis [5] .
Both the PDL and DP contain mesenchymal cells that express RANKL and OPG and can support osteoclastogenesis [14] . The balanced expression of these factors is decisive for the regulation of bone resorption by DP cells [15] or PDL cells [16] . Evidence demonstrates that RANKL is expressed in both PDL and DP tissue in periapical lesions [17, 18] and during root resorption [19] .
The current knowledge on the pathogenic mechanisms of periodontal diseases comes mostly from studies using bacteria in planktonic state, due to the complication and high technical demands in employing multi-species i n v i t r o biofilm models.
Nevertheless, the use of oral biofilms rather than individual oral bacterial species provides a more accurate view of the pathogenic events that take place in periodontal or periapical diseases, such as bone resorption. The present study employs an i n v i t r o supragingival biofilm model, aiming to investigate its effects on RANKL, OPG, TACE and IL-1ß gene expression in human primary PDL and DP cell cultures.
. Ma t e r i a l s a n d Me t h o d s . 1 I n v i t r o b i o f i l m mo d e l
The 6-species suprgagingival Zürich biofilm model [20] 
745), S t r e p t o c o c c u s mu t a n s UAB159 (OMZ 918) and C a n d i d a a l b i c a n s (OMZ 110).
Biofilms were grown in 24-well cell culture plates on sintered hydroxyapatite (HA) discs, resembling natural tooth surfaces, and were pre-conditioned for pellicle formation with foetal calf serum (FCS) at 1:1 dilution, for 4 h. To initiate biofilm formation, HA discs were covered for 16.5 h with 1.6 ml of growth medium consisting of 70% FCS (dilution 1:10), 30% FUM culture medium [21] containing 0.3% glucose, and 200 µl of a bacterial cell suspension containing equal volumes and density from each strain. After 16.5 h of anaerobic incubation at 37°C, the inoculum suspension was removed from the discs by 'dip-washing' using forceps, transferred into wells with fresh medium (70% FCS dilution 1:10, and 30% FUM containing 0.15% glucose and 0.15% sucrose), and incubated for further 48 h in anaerobic atmosphere. During this time-period, the discs were dip-washed 3x and given fresh medium once daily. After a total 64.5 h of incubation, one biofilm-carrying HA disc was placed per cell culture well, with the biofilm-coated surface facing towards the cell monolayer. A plastic ring support ensured a distance of 1 mm between the biofilm and the cell monolayer, allowing fluid flow. This form of biofilm challenge was maintained in the cell culture for up to 24 h [22] .
. Ce l l c u l t u r e s
Human PDL and DP tissue were obtained from a periodontally healthy young antibiotics-free and 5% FBS culture medium, and were allowed to attach for 24 h, maintaining a sub-confluent status. Thereafter, the cells were co-cultured for up-to 24 h in the presence or absence of the supragingival biofilm, or the non-biofilm coated hydroxyapatite, again in antibiotics-free and 5% FBS culture medium.
. 3 Cy t o t o x i c i t y a s s a y
The putative cytotoxic effects of the biofilm on PDL and dental pulp cell cultures were evaluated by measurement of the extracellularly released cytosolic lactate dehydrogenase (LDH), using the CytoTox96 ® Non-Radioactive Cytotoxicity Assay (Promega). In brief, PDL or DP cell cultures were exposed to the established biofilm for 6 h and 24 h. Cell culture supernatants were thereafter collected, and the cell monolayer was lysed in equal volume of lysis buffer, provided in the kit. The collected suspensions, either cell-culture supernatant or cell lysate, were centrifuged at 1000 rpm for 5 min to pellet down any cell debris, and thereafter 50 µ l/well of each were transferred into an optically clear 96-well plate. Fifty µl of the reaction solution was added to each well and incubated for 30 min in the dark. The reaction was then stopped and the absorbance was measured at 490 nm, subtracting background values from all samples.
. 4 RNA e x t r a c t i o n a n d c DNA s y n t h e s i s
Upon termination of the experiments, the culture media were discarded, and the cell monolayers were washed twice in PBS before being lysed. The collected cell lysate was homogenized with QIAshredder (QIAGEN), and total RNA was extracted by using the RNeasy Mini Kit (QIAGEN), according to the manufacturer's instructions.
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The extracted RNA was finally eluted in 40 µ l RNase free water and its concentration was determined spectrophotometrically. One µ g of total RNA was reverse transcribed into single-stranded cDNA by using M-MLV Reverse Transcriptase (RNase H Minus, Point Mutant), Oligo(dT) 15 Primers, and PCR Nucleotide Mix according to the manufacturer's protocol (all from Promega), at 40°C for 60 min, and 70°C for 15 min.
The resulting cDNA was stored at -20°C until further use. CCAGGCGCCCAATACGACCA, and for RP2 (NM000937) forward:
. 5 Qu a n t i t a t i v e r e a l -t i me P CR
CCCGCTGCGCACCATCAAGA and reverse: CCCCTGCCTCGGGTCCATCA.
. 6 S t a t i s t i c a l a n a l y s i s
The Student's t -test for unpaired values was used to compare the differences between control and test groups, and data were considered significant at P <0.05.
. Re s u l t s . 1 C y t o t o x i c e f f e c t s o f t h e b i o f i l m
The established human PDL and DP cell cultures were challenged with the supragingival biofilm for up-to 24 h. Initially, the potential cytotoxic effects were investigated by measuring the extracellularely released LDH in the culture. After 6 h of challenge with the biofilm, LDH release levels were similar among the groups and hence no significant cytotoxicity was detected. However, after 24 h, the biofilm induced approximately 40% cell death in both cell types, which was statistically significant compared to the control (Table 1 ). This prohibited further gene expression analyses at this later time-point. It should be noted, that the presence of the biofilm ring and hydroxyapatite in the culture did not affect cell viability.
. 2 E f f e c t s o f t h e b i o f i l m o n R A NK L g e n e e x p r e s s i o n
On the next step, the effect of biofilm challenge on RANKL gene expression by the cells was investigated. After 3 h, RANKL expression was not affected in PDL cells, but after 6 h this was significantly increased by 2.3-fold, compared to the control (Fig.   1A ). However, in DP cells RANKL expression was already increased by 8.0-fold and 12.5-fold at 3 h and 6 h, respectively (Fig. 1B) .
. E f f e c t s o f t h e b i o f i l m o n OP G g e n e e x p r e s s i o n
The expression of OPG in response to the biofilm was also investigated in this experimental system. There were no changes after 3 h of challenge, but after 6 h this was increased by 1.7-fold in PDL cells ( Fig. 2A ) and 1.9-fold in DP cells (Fig. 2B ).
. 4 R e g u l a t i o n o f t h e R A NK L / OP G r a t i o b y t h e b i o f i l m
These regulations in RANKL and OPG expression resulted in changes in the relative RANKL/OPG expression ratio, which is a measure indicative of the capacity of the cells to induce osteoclastogenesis and bone resorption. Compared to the control, this ratio was increased after 6 h of biofilm challenge by approximately 1.3-fold in PDL cells (Fig. 3A) and 7.0-fold in DP cells (Fig. 3B ). This indicates that the supragingival biofilm has the capacity to regulate the RANKL-OPG system favourably for bone resorption in DP cells, but not in PDL cells.
. 5 E f f e c t s o f t h e b i o f i l m o n T A C E g e n e e x p r e s s i o n
The gene expression of TACE was also investigated in response to the supragingival biofilm challenge. The results indicate that there were no changes in TACE expression after 3 h of challenge, but after 6 h this was increased by approximately 1.4-fold in PDL cells (Fig. 4A) , and 1.6-fold in DP cells (Fig. 4B ).
. 6 E f f e c t s o f t h e b i o f i l m o n I L -1 β g e n e e x p r e s s i o n
Finally, the gene expression of IL-1ß was also investigated in response to the supragingival biofilm challenge. The results indicate that there were no significant changes in IL-1ß expression after 3 h of challenge. After 6 h, IL-1ß expression was
increased by approximately 1.5-fold in PDL cells (Fig. 5A) , and 1.9-fold in DP pulp cells (Fig. 5B) , but only the latter proved to be statistically significant.
. Di s c u s s i o n
This is the first to study to employ an i n v i t r o biofilm to investigate the regulation of the RANKL-OPG system. Most host-bacteria interactions models have so far employed single bacterial species to address such questions. The obvious advantage of the biofilm approach is that several bacterial species are represented in a conformation that resembles their natural state, when attached on the tooth surface.
An i n v i t r o subgingival oral biofilm model has so far been used to study apoptotic and pro-inflammatory cytokine stimulating effects in gingival epithelial cells [22] .
The present findings demonstrate that the supragingival biofilm challenge increases both RANKL and OPG gene expressions in both PDL cells and DP cells.
None of the six bacterial species present in this i n v i t r o biofilm have been previously studied as for their capacity to regulate the RANKL-OPG system in host cells.
Putative periodontal pathogens, such as A g g r e g a t i b a c t e r a c t i n o my c e t e mc o mi t a n s and

P o r p h y r o mo n a s g i n g i v a l i s , have been studied individually and have been shown to
up-regulate RANKL expression in PDL cells [23, 24] , but DP cells have not been studied in this respect. In the present experimental system, although the magnitude of OPG induction was similar between the two cell types, there were quantitative differences in RANKL expression. In particular, the supragingival biofilm caused 4-fold greater RANKL up-regulation in DP cells compared to PDL cells, indicating that the former cell type is more responsive to this challenge. Such differences have been previously considered, for instance in the case of PDL cells and gingival fibroblasts [23, 24] , and could indicative of distinct roles of the cells in the pathogenesis of periodontitis. This may reflect the nature of the respective diseases, in which these cells are involved. To this extent, RANKL in periapical lesions has been particularly associated with fibroblastic cells, rather than T-cells [25] , as opposed to periodontitis, where cells of the immune system are considered a major source of RANKL [9, 26, 27] . When the relative RANKL/OPG ratio was calculated, this was significantly increased in DP cells, compared to PDL cells, indicating a higher capacity for inducing bone resorption by the former cells. PDL cells could be better adapted to tackle bacterial challenges, as they are frequently exposed to their products within the continuously colonized periodontal environment. On the contrary, DP cells are highly protected within the specialized niche of the pulp cavity and thus less adapted to bacterial challenges, as they are not directly exposed to them. A potential bacterial invasion of this tissue (i.e. through a dental caries lesion) may therefore cause a more detrimental response by DP cells.
This study has also investigated the effects of the biofilm challenge on TACE expression. TACE is a global "sheddase", with the capacity to enzymatically cleave and release the ectodomain of several cell-membrane bound cytokines [28] , exhibiting high specificity for RANKL [7] . Hence, TACE can mobilize cytokines into the local microenvironment, thus amplifying their potential inflammatory effects. In the present experimental model, TACE expression was moderately (approximately 1.5-fold) upregulated in both DP and PDL cells in response to the biofilm challenge. In a previous study, the putative periodontal pathogen P . g i n g i v a l i s was shown to more strongly induce TACE expression in a T-cell line, after 6 h of challenge [29] . However, it is difficult at this stage to make safe interpretations on the potential of supragingival and subgingival species for TACE induction, as there may also be differential responses depending on cell types. In fact, T-cells are shown to be the major TACE-producing cell population in periodontitis [30] .
Interleukin-1ß is a major pro-inflammatory cytokine with a primary role in the pathogenesis of periodontal disease, and particularly in the induction of bone resorption [31] . Putative periodontal pathogens have individually the capacity to induce the production of this cytokine [32] [33] [34] [35] . In the present study, the biofilm challenge caused a significant up-regulation of IL-1ß expression in DP cells, but not in PDL cells. This may indicate that supragingival biofilms induce stronger proinflammatory responses in DP than in PDL, and may therefore be more detrimental for the development of pulpitis or periapical inflammation, rather than chronic periodontitis. In contrast, it has recently been shown that subgingival biofilm challenge induced IL-1ß production in gingival epithelial cells, which may be of direct relevance to the pathogenesis of periodontitis [22] .
Collectively, the major finding of this study is the demonstration that supragingival biofilm challenge enhances the RANKL/OPG ratio and IL-1ß expression in DP, but not in PDL cells. The high responsiveness of DP cells denotes an enhanced capacity of these cells for inducing bone resorption, which could indicate a putative pathogenic role for apical periodontitis. On the contrary, the low responsiveness of PDL cells may reflect their potential adaptation to the bacterial species represented in this supragingival biofilm, but also corroborates the low virulence nature of these species for the pathogenesis of initial chronic periodontitis. 
